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ABSTRACT
The highly anticipated launch of the James Webb Space Telescope (JWST ) will open up the pos-
sibility of comprehensively measuring the thermal emission spectra of rocky exoplanets orbiting M
dwarfs to detect and characterize their atmospheres. In preparation for this opportunity, we present
model atmospheres for three terrestrial M-dwarf planets particularly amenable to secondary eclipse
spectroscopy — TRAPPIST-1b, GJ 1132b, and LHS 3844b. Using three limiting cases of candidate
atmospheric compositions (pure H2O, pure CO2 and solar abundances) we calculate temperature-
pressure profiles and emission and reflection spectra in radiative-convective equilibrium, including the
effects of a solid surface at the base of the atmosphere. Our results differ appreciably from simpler
parameterized models of super-Earth atmospheres in terms of the overall temperatures and the tem-
perature gradient, which has important observational consequences. We find that the atmospheric
radiative transfer is significantly influenced by the cool M-star irradiation; H2O and CO2 absorption
bands in the near-infrared are strong enough to absorb a sizeable fraction of the incoming stellar light
at low pressures, which leads to temperature inversions in the upper atmosphere. The non-gray band
structure of gaseous opacities in the infrared is hereby an important factor. Opacity windows are
muted at higher atmospheric temperatures, so we expect temperature inversions to be common only
for sufficiently cool planets. We also find that pure CO2 atmospheres exhibit lower overall tempera-
tures and stronger reflection spectra compared to models of the other two compositions. We estimate
that for GJ 1132b and LHS 3844b we should be able to distinguish between different atmospheric
compositions with JWST. The emission lines from the predicted temperature inversions are currently
hard to measure, but high resolution spectroscopy with future Extremely Large Telescopes may be
able to detect them.
Keywords: planets and satellites: atmospheres — radiative transfer — opacity — scattering — meth-
ods: numerical
1. INTRODUCTION
With the Transiting Exoplanet Survey Satellite
(TESS) conducting an all-sky survey, we have now the
opportunity to detect a windfall of planets orbiting
bright nearby M-type stars (Ricker et al. 2015). Small
rocky planets are the prize of any space-based transit
survey, and such planets are known to be commonplace
around M dwarfs (Dressing & Charbonneau 2015; Mul-
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ders et al. 2015; Gaidos et al. 2016). Also, the geometric
probability of finding transiting planets of a given tem-
perature is greater for smaller stars than stars of other,
larger types. In addition, M dwarfs are intrinsically
less luminous so that the relative spectroscopic signal
of a transiting planet is larger. The shift to cooler stars
also helps our efforts on searching for habitable plan-
ets. Whereas habitable planets around G stars reside
on wide orbits with periods ∼ 100 days, habitable zones
around M stars are located much closer in, with periods
of ∼ few days, enhancing the crucial repeatability of
observations (Kopparapu et al. 2013, 2016).
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Although terrestrial, potentially habitable planets are
among the most fascinating candidates for characteriza-
tion surveys, they are yet mostly out of reach with cur-
rent instrumentation (Cowan et al. 2015). Thus, a more
pragmatic approach is to focus on warm (i.e. hotter than
habitable) rocky super-Earths. Such planets may have
experienced a similar evolution as their Earth-analogue
counterparts and thus may possess similar atmospheric
and interior properties, yet, due to their larger size and
higher temperatures, provide the advantage of a better
signal.
Still, even in this regime our observational data are
limited, providing us with few constraints on the plan-
etary and atmospheric properties of those objects. One
way to improve our understanding is to build self-
consistent atmospheric models based on first principles.
Not only do these models strengthen our physical intu-
ition, they also allow us to make predictions about the
planets’ spectral appearance, serving as guidance for fu-
ture observations.
Modeling atmospheres of rocky planets is not a new
endeavor, after all there are such objects in the Solar
System. However, only a few other works have specifi-
cally studied the radiative transfer and thermal emission
spectra of the near-term observable exoplanets around
M stars. Recent assessments of the observability of
the TRAPPIST-1 planets, GJ 1132b and LHS 1140b
with JWST (Barstow & Irwin 2016; Morley et al. 2017;
Batalha et al. 2018) focused on mapping out the opti-
mal observation strategies and the connected uncertain-
ties and relied on simplified radiative transfer schemes.
On the other side of the spectrum are the habitability
studies of Wolf (2017); Lincowski et al. (2018); Meadows
et al. (2018), which explore the potential habitability of
the temperate planets in the TRAPPIST-1 system and
Proxima Centauri b. Using sophisticated atmospheric
models, like three-dimensional global climate models,
based on our Solar System knowledge, their meticulous
examination is optimized to study individual planets,
but may lack flexibility when interested in a wider pa-
rameter regime of known and yet to be discovered super-
Earths and terrestrial planets.
In this work, we choose an intermediate approach, us-
ing a radiative-convective model to self-consistently as-
sess the temperature profiles and corresponding thermal
emission and reflection spectra of hot rocky exoplanets,
incorporating the radiative balance with a solid surface
at the base of the atmosphere. We focus on the M dwarf
planets TRAPPIST-1b, GJ 1132b and LHS 3844b as
they are currently the best targets for emission spec-
troscopy of rocky, terrestrial planets and representative
of future TESS discoveries amenable for follow-up spec-
troscopic JWST observations (Kempton et al. 2018).
The main advantage of thermal emission spectroscopy
over the more widely used transmission spectroscopy is
that it suffers less from signal loss if the atmosphere
is cloudy. Furthermore, the transmission signal is di-
minished for atmospheres with a high mean molecular
weight, which is not the case for the thermal emission
signal (e.g., Miller-Ricci et al. 2009). Thermal emis-
sion spectra also provide a direct probe of the atmo-
spheric structure (i.e. vertical temperature gradients).
Finally, Morley et al. (2017) found that hotter terrestrial
planets are easier to characterize by emission than by
transmission spectroscopy. However, due to their choice
of parametrized vertical temperature profiles they may
have overpredicted the emission signal strength.
In terms of the atmospheric composition, we construct
numerical models of water-rich and CO2 dominated at-
mospheres and, in order to have covered another corner-
stone of possible atmospheric conditions, add the case
of a solar composition hydrogen-dominated, low-mean-
molecular-weight atmosphere, even though the explored
planets are unlikely to retain such an atmosphere over
their lifetime. The notion seems reasonable that future
exoplanet discoveries with TESS are likely to exhibit
similar planetary and atmospheric properties to the span
of models explored in this work.
Our knowledge about the specific atmospheric proper-
ties of the three test planets in this study is scarce. The
mean density of TRAPPIST-1b suggests a volatile-rich
envelope with of 10 - 104 bars pressure (Grimm et al.
2018), even though the planet probably already lost a
large fraction of its initial mass due to photo-evaporation
(Bolmont et al. 2017; Dong et al. 2018). Spectroscopic
analyses have so far indicated a feature-less transmis-
sion spectrum, consistent with a high mean-molecular
weight composition, as given by a water-dominated or
Venus-like atmosphere, and have ruled out a cloud-free,
hydrogen-dominated atmosphere (de Wit et al. 2016;
Zhang et al. 2018).
For GJ 1132b, even though planetary evolution calcu-
lations favor a tenuous atmosphere, a thick steam atmo-
sphere is possible (Schaefer et al. 2016) and a high mean
molecular weight atmosphere is consistent with obser-
vations (Southworth et al. 2017; Diamond-Lowe et al.
2018).
Due to its still recent discovery, the sole information
on LHS 3844b consists of the reported photometric ra-
dius of 1.3 REarth at the TESS and MEarth bandpasses
(Vanderspek et al. 2019). Since this value lies below
the radius gap presented in Fulton et al. (2017) and the
photo-evaporation valley (Owen & Wu 2013, 2017), it
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Table 1. Planetary system parameters used in this study.
Planet Rpl log10 g a Rstar Tstar Teq
b
(R⊕) (log10 cm s
−2) (AU) (R) (K) (K)
TRAPPIST-1b1 1.12 2.9 0.0115 0.121 2511 393
GJ 1132b2 1.16 3.068 0.0153 0.207 3270 580
LHS 3844b3 1.32 3.112a 0.00622 0.189 3036 806
1Delrez et al. (2018); Grimm et al. (2018) 2Berta-Thompson et al.
(2015); Bonfils et al. (2018) 3Vanderspek et al. (2019)
aEstimated with 2.3 M⊕, based on Chen & Kipping (2017).
bAssuming a zero Bond albedo.
is likely that the planet does not possess a primordial
hydrogen envelope.
In general, there is an ongoing debate on the extent
to which super-Earths orbiting M stars are expected to
possess substantial atmospheres at all. Young M stars
exhibit a comparatively strong XUV flux, which depend-
ing on the planet’s atmospheric composition, may lead
to loss of the envelope due to photo-evaporation (Tian
2009; Lopez et al. 2012; Owen & Wu 2013; Jin et al.
2014; Chen & Rogers 2016). Another possibility is that
some planets form at the end of the accretion disk phase
and undergo most of their evolution after the gas disk
dispersal. These planets would never have extended en-
velopes to begin with (Lopez & Rice 2018). Thus, our
model atmospheres are constructed under the assump-
tion that the explored planets were able to retain their
atmospheres or outgas secondary ones (Elkins-Tanton &
Seager 2008; Kite et al. 2009; Rogers & Seager 2010).
Our methodology is presented in detail in Sect. 2. In
these models we look for unique characteristics, which
can help constrain the properties of the planets’ atmo-
spheres (see Sect. 3.1). We find that the low stellar tem-
perature leads to unexpected consequences on the ra-
diative transfer in the planet atmospheres. In Sect. 3.2,
we explore the dependency of high-altitude temperature
inversions on the planetary and stellar parameters and
offer an explanation for why they only emerge in the
cooler temperature regime. We discuss the observability
of the modeled atmospheres and inversions in Sect. 4.1,
comment on our assumptions and chosen parameters in
Sect. 4.2 and compare with other works in Sect. 4.3. We
conclude in Sect. 5.
2. METHOD
The planetary parameters of TRAPPIST-1b, GJ
1132b, LHS 3844b are given in Table 1. We use the open-
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Figure 1. The opacity versus wavelength for the three atmo-
spheric models used in this work, 100% H2O, 100% CO2, and
solar abundances. The opacity function for the solar model
is weighted with the mass mixing ratio of the respective con-
stituents, obtained from equilibrium chemistry. Shown is an
excerpt of the opacity tables for one temperature and pres-
sure (500 K and 1 bar), including all the opacity sources for
each model. Overplotted (dashed lines) is the contribution of
the Rayleigh scattering cross-sections for the three models.
source radiative transfer code HELIOS1 (Malik et al.
2017, 2019) to calculate the temperature structures of
these three planets in radiative-convective equilibrium
and the corresponding synthetic emission and reflection
spectra. We consider cloud-free atmospheres including
Rayleigh scattering. The three simulated atmospheric
models consist of 100% H2O, 100% CO2 and solar com-
position in chemical equilibrium.
The solar model includes opacities calculated with
HELIOS-K (Grimm & Heng 2015) from the following
line lists: H2O (Barber et al. 2006), CO2 (Rothman et al.
2010), CO (Li et al. 2015), CH4 (Yurchenko & Tennyson
2014), NH3 (Yurchenko et al. 2011), HCN (Harris et al.
2006), C2H2 (Gordon et al. 2017), PH3 (Sousa-Silva
et al. 2015), H2S (Azzam et al. 2016), Na and K (Ku-
rucz 2011; Burrows et al. 2000; Burrows & Volobuyev
2003), and collision-induced absorption (CIA) of H2-H2
and H2-He (Richard et al. 2012). The molecular lines are
treated as Voigt profiles with a far-wing cut-off at 100
cm−1 from line center. Pressure broadening is consid-
ered using the default parameters given in the ExoMol
online database for H2O, CO, CH4, NH3, HCN, PH3 and
H2S, and using the self-broadening prescription from the
HITEMP/HITRAN database for CO2 and C2H2. The
treatment of the alkali opacities is described in detail in
1 https://github.com/exoclime/HELIOS
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Appendix A of Malik et al. (2019). For lower temper-
atures, Na and K are assumed to be removed from the
gas phase by the formation of Na2S and KCl conden-
sates, respectively. We further include Rayleigh scatter-
ing cross-sections of H2 and He (Cox 2000; Lee & Kim
2004; Sneep & Ubachs 2005; Thalman et al. 2014). The
chemical equilibrium mixing ratios are calculated with
FastChem (Stock et al. 2018), taking the solar elemen-
tal abundances as reported in Table 1 of Asplund et al.
(2009). FastChem is tested between 100 K and 6000 K
to accurately calculate the thermochemical equilibrium
mixing ratios from a chemical network of 550 gas-phase
species, including ions.
The H2O model includes H2O line opacities and H2O
Rayleigh scattering cross-sections (Cox 2000; Wagner &
Kretzschmar 2008), and the CO2 model includes CO2
line opacities, CO2 scattering cross-sections (Cox 2000;
Sneep & Ubachs 2005; Thalman et al. 2014), and CO2-
CO2 CIA (Richard et al. 2012). The opacity functions
of the three atmospheric models used in this work are
shown in Fig. 1.
HELIOS utilizes a hemispheric two-stream method
with improved scattering accuracy (Heng et al. 2018)
and convective adjustment, for which we set the adia-
batic coefficient κ ≡ (d lnT/d lnP )S , with the temper-
ature T , the pressure P , and the entropy S, to 2/7 for
the solar case, and to 1/4 for the H2O and CO2 cases.
For the temperature iteration we use 300 spectral bins
between 0.33 µm and 105 µm with 20 Gaussian points in
each bin, assuming a k-correlation. The emission spec-
tra are generated at a resolution of R = 3000 utilizing
opacity sampling.
In order to obtain pronounced spectral features we
simulate sufficiently thick atmospheres with a surface
pressure of 10 bar. We set the heat redistribution factor
f (Burrows et al. 2008; Spiegel & Burrows 2010) to 0.25,
indicating maximally efficient heat circulation, based on
Koll et al. (in prep.), who found that for 10 bar atmo-
spheres the day- to nightside heat transport for moder-
ately irradiated tidally-locked planets is very efficient.
They provide an approximation for f parametrized by
the longwave optical depth at surface, the surface pres-
sure and the atmospheric temperature. Koll et al. (sub-
mitted) show the parametrization in their eq. (3). Using
our values, we find f < 0.253 for all set-ups in this work.
We further incorporate a new addition to the HELIOS
radiative transfer scheme. We include the radiative ef-
fects of a (presumed solid) planetary surface, using a
constant surface albedo Asurf = 0.1. This allows us to
properly account for optically thin spectral windows and
to treat the surface feedback on the atmospheric temper-
ature structure. The formalism of the surface treatment
is described in Appendix A. We consider any interior
remnant heat to be negligible and set it to zero.
Our stellar spectra are taken from the PHOENIX
online library (Husser et al. 2013) and interpolated
for the stellar temperatures in Table 1, log10 gstar =
5.22y, 5.06y, 5.06, and [M/H]star = 0.04,−0.12, 0 for
TRAPPIST-1b (Delrez et al. 2018), GJ 1132 (Berta-
Thompson et al. 2015) and LHS 3844 (Vanderspek et al.
2019), respectively. The values marked with y are our
own calculations using Newton’s law of gravity. The
metallicity of LHS 3844 is unknown and thus set to
solar.
3. RESULTS
3.1. Temperature Profiles and Spectra
The top, middle and bottom panels of Fig. 2 show
the temperature profiles in radiative-convective equilib-
rium, the emission spectra, and the secondary eclipse
spectra for the three test planets and the three atmo-
spheric models, respectively. We find that the model
atmospheres feature the following characteristics.
• Six of the nine calculated temperature profiles ex-
hibit clear inversions in the upper atmospheric re-
gions, P < 10 mbar. They are predominantly
found in the TRAPPIST-1b models and to a lesser
extent in the GJ 1132b and LHS 3844b models, in
this order. In terms of atmospheric composition,
inversions appear to be favored in the H2O models,
followed by the CO2 and the solar models.
• Only one of the nine simulated atmospheres pos-
sesses a convective zone, even though strong green-
house gases such as H2O and CO2 are present.
• The CO2 atmospheres are significantly cooler than
their counterparts of H2O or solar composition.
The relative strengths of Rayleigh scattering and
surface reflection (due to the non-zero surface
albedo), to atmospheric absorption leads to a
larger fraction of stellar light being reflected and
a smaller fraction being absorbed and converted
to heat. Consequently, the CO2 atmospheres also
show a stronger reflectance spectrum than the
other two cases. In fact, averaging over the spec-
tra of the three planets, we obtain AB = 0.004,
0.29, 0.01 for the Bond albedos of the H2O, CO2
and the solar models, respectively.
Above all, we find prevalent, temperature inversions
in our models, which have not been reported in pre-
vious parameterized models of similar super-Earth at-
mospheres (e.g. Miller-Ricci et al. 2009; Morley et al.
2017), but are consistent with the findings of the habit-
ability studies on terrestrial planets of Lincowski et al.
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Figure 2. Top row: dayside temperature profiles for TRAPPIST-1, GJ 1132b, and LHS 3844b for the three atmospheric
compositions, 100% H2O, 100% CO2, and equilibrium chemistry with solar abundances. A convective zone (orange) appears
in the H2O model for GJ 1132b. Middle row: planetary emission spectra for the three planets explored. Bottom row:
secondary eclipse spectra for the three planets explored. The color scheme is the same in all panels.
(2018); Meadows et al. (2018). We explore the param-
eter regime where this phenomenon appears and seek a
physical explanation in the next section.
3.2. Emergence of a Temperature Inversion
Neglecting any interior heat, the atmospheric radia-
tion is effectively determined by one external factor, the
incoming stellar flux. At the top-of-atmosphere (TOA)
the downward flux is given by the Stefan-Boltzmann law
as
F↓,TOA =
(
Rstar
a
)2
σSBT
4
star, (1)
where Rstar is the stellar radius, a is the orbital distance,
σSB is the Stefan-Boltzmann constant and Tstar is the
stellar temperature. Assuming a blackbody spectrum
for the star, the quantities (Rstar/a) and Tstar uniquely
determine the amount and the wavelength distribution
of the external irradiation. The atmospheric heat con-
tent for a planet (in global energy balance) is usually
parameterized by the equilibrium temperature
Teq =
(
1−AB
4
)0.25(
Rstar
a
)0.5
Tstar, (2)
where AB is the planet’s Bond albedo. From an at-
mospheric perspective, the only “free” parameters are
(Rstar/a) and Tstar as before. The albedo AB is an in-
trinsic property of the atmosphere and surface and is
a consequence of the intricate interplay between mat-
ter and radiation. Thus, AB cannot be chosen inde-
pendently of the atmospheric model. We hence con-
duct a two-dimensional parameter space exploration in
(Rstar/a) and Tstar using the three atmospheric models
(100% H2O, 100% CO2 and solar composition) and the
surface gravity log10 g = 3.05. As before, we assume
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Figure 3. : Top left: grid of dayside temperature profiles for a TRAPPIST-1b-like planet with changing stellar temperature
(top) and stellar radius over orbital distance ratio (bottom). The atmospheric composition is 100% H2O. Convective regions are
displayed in thick orange. The model with parameters closest to TRAPPIST-1b is marked in black. Other panels: emergence
of a temperature inversion versus stellar temperature and stellar radius over orbital distance for the three explored atmospheric
compositions: 100% H2O (top right), 100% CO2 (bottom left), solar abundances (bottom right). A temperature inversion is
marked strong (weak) if the maximum temperature is more (less) than 20 % higher than the minimum temperature in the
inversion layers. Overlayed are the corresponding equilibrium temperatures for an assumed Bond albedo of 0.1. Also, the
locations of the three test planets in terms of those parameters are marked. The dashed lines in the top right panel represent
the model slices shown on the top left.
Asurf = 0.1. Furthermore, we set up the star as a black-
body (for the models shown in Fig. 3 only), in order to
exclude the intricate wavelength-dependence of a real-
istic star. We have found the latter choice to have a
minor effect on the qualitative shape of the atmospheric
temperature profile (not shown).
Fig. 3 shows which combinations of values in our cal-
culations lead to atmospheric temperature inversions,
where dT/dP < 0. Consistent with our previous find-
ings, the temperature inversions are more ubiquitous in
a wider parameter regime for H2O models than for CO2
models and solar composition models. In addition, H2O
atmospheres often feature stronger, more pronounced in-
versions than the other two cases. The upper left panels
of Fig. 3 show the temperature profiles of slicing through
the H2O model grid, once with changing Tstar and once
with changing (Rstar/a), intersecting at the model clos-
est to TRAPPIST-1b. Interestingly, we find that re-
ducing (Rstar/a) has a larger impact on the emergence
of temperature inversions than increasing Tstar. This
leads to the conclusion that the prevailing atmospheric
temperatures are more important than the stellar peak
emission in this regard. In general, the boundary be-
tween models with and without inversions roughly fol-
lows the equilibrium temperature contours, supporting
the result that the atmospheric heat content is the major
Atmospheric Characteristics of Planets around M Stars 7
factor at hand, with the stellar temperature playing a
secondary role. Note that the equilibrium temperatures
are approximated assuming AB = 0.1. In reality, the
Bond albedo varies between the individual models. For
optically thin atmospheres, we expect AB & AS = 0.1,
but AB < AS with increasing optical thickness. In the
following, we offer an explanation for our results.
In contrast to hotter stars, e.g., the Sun, the bulk
emission of an M star happens at longer, NIR wave-
lengths. For instance, TRAPPIST-1 with a temperature
of 2511 K, has its peak emission at 1.2 µm (Wien’s law).
There, H2O and CO2 have sufficiently strong absorption
bands to absorb a part of the incoming stellar flux high
up in the atmosphere. This has a twofold effect. First, a
temperature inversion, may be created, even in the ab-
sence of gases efficiently absorbing in the optical. Sec-
ond, due to the increased attenuation of stellar flux, only
a smaller fraction of it reaches the lower near-surface
layers, muting the accumulation of heat and subsequent
convective instability. As result, the lower atmosphere
is more isothermal and convective zones are rarer and,
if present, less pronounced for planets around M dwarfs
than around hotter stars. Note that for thinner atmo-
spheres than explored here, near-surface convection may
still arise. In this case, the larger amount of stellar flux
deposited at the surface and the corresponding increase
in temperature create a larger lapse rate between the
surface and the immediate atmospheric layers above.
In Fig. 4, top left, we first focus on the solid, green line
representing the temperature profile in the H2O model
for TRAPPIST-1b. On the top right, the according
transmission weighting function is shown. This quan-
tity gives the approximate location of the wavelength-
dependent photosphere. At the wavelengths of the stel-
lar irradiation, around 1 - 2 µm the strong H2O line
cores makes the photosphere extend nearly to the TOA
and thus the atmosphere is able to absorb the stel-
lar energy there (connecting magenta line). Note that
the transmission function, down-sampled at resolution
R=50, misses the highest peaks, originating from strong
H2O lines. In this low-resolution case, the photosphere
is located significantly below the found inversion layers.
Thus, models at such a resolution might substantially
underpredict the occurrence of high altitude inversions.
Fig. 4 also shows why the inversion disappears when
increasing the atmospheric temperatures. We find this
behavior to be predominantly an opacity effect, namely
a consequence of the non-gray band structure of the
opacities. In the top left panel, we show test models,
for which the opacities are pre-calculated at fixed tem-
peratures, 800 and 1200 K, independent of the actual
atmospheric conditions. With higher temperature more
spectral lines become active, filling up the spectral bands
and increasing the overall opacity, particularly in the in-
frared (see bottom right). This amplification of absorp-
tion and emission shifts the photosphere higher up in
the infrared, allowing the atmosphere to sufficiently cool
and thus preventing a temperature inversion (connect-
ing yellow line). We have tested and found this behavior
to be true for both H2O and CO2 models.
We would like to further highlight that the overall
slope of the opacity function depends on the pressure
(see Fig. 4, bottom left). While in the lower atmo-
sphere the H2O opacity has an increasing slope with
wavelength, higher up this trend vanishes. Hence the
propensity for H2O to absorb at the peak of the stel-
lar blackbody increases at higher altitudes, leading to
temperature inversions in atmospheres that are optically
thick at those locations.
Our observed trend on the emerge of temperature
inversions in the atmospheres of rocky planets con-
trasts the appearance of temperature inversions in hot
Jupiters. In the latter case, only very hot conditions are
expected to lead to temperature inversions, through the
shortwave absorption bands of metal oxides/hydrides or
the lack of water emission due to its dissociation (e.g.
Fortney et al. 2008; Arcangeli et al. 2018; Malik et al.
2019).
4. DISCUSSION
4.1. Observability
The James Webb Space Telescope (JWST) will be the
first observation facility to comprehensively record the
spectral appearance of rocky exoplanets. In the follow-
ing, we first discuss whether the different atmospheric
models for the three test planets can be distinguished
with JWST based on their emission spectra. Second,
we estimate if the temperature inversions found in this
study may be observable either with JWST or ground-
based spectroscopy.
4.1.1. Distinguishing Atmospheric Compositions
Using the JWST instrument noise simulator PandExo
(Batalha et al. 2017) we generate mock secondary eclipse
observations of our models. We observe each planet and
each atmospheric composition with the NIRSpec G395M
mode, and MIRI LRS mode, and determine for various
numbers of eclipses the confidence level at which two
models are mutually exclusive. We do this by apply-
ing the Chi-square test for goodness of fit between mock
data and synthetic spectrum of two different models. In
terms of instrument parameters, we set the saturation
level to 60% full well and the total observation time to
three times the eclipse duration. We obtain the same re-
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Figure 4. Top left: temperature profiles for TRAPPIST-1b for the pure H2O (solid) and pure CO2 (dashed) atmospheres.
The original profiles (from Fig. 2) are compared to two test simulations, which use opacities calculated at the fixed temperatures
of 800 K and 1200 K. Top right: location of the maximum of the transmission weighting function (equal ≈ photosphere) for
the original and Topac = 1200 K simulations. The yellow and magenta lines enhance visibility of the connection between the
shape of the transmission weighting function and the temperature profiles. The pure H2O case is shown in the top right and
bottom panels. Bottom left: opacities at the atmospheric pressures of 1 bar and 10−5 bar, shown for the original model.
Bottom right: opacities for the original and Topac = 1200 K models. In the top right, bottom left and bottom right panels,
the quantities are shown both in R = 3000 (shaded) and R = 50 (solid line) resolution. The shaded regions in the background
show the approximate wavelengths encapsulating ∼ half of the stellar and planetary radiation.
sults for a noise floor of zero or 30 ppm. Testing various
binning resolutions, we find that R = 5 is a reasonable
compromise between signal strength and wavelength in-
formation content.
Fig. 5 shows a snapshot of those results. In the fol-
lowing we assume that models are distinguishable if one
model’s theoretical values and the other model’s simu-
lated data differ by more than 5σ.
In the case of LHS 3844b, the different atmospheric
models should be distinguishable with only 2 eclipses.
Although the overall planet-to-star contrast is larger in
the MIRI bandpass, contrasting opacity bands of the dif-
ferent models make NIRSpec the favorable instrument
for this planet. The first upward bump in the H2O spec-
trum at 3.8 µm is a spectral window in the band struc-
ture of H2O. This window is filled by CH4 absorption in
the solar model. The second feature at 4.8 µm (again
seen as an upward bump) is the blue-ward side of a
strong H2O absorption band, which is less pronounced in
the solar model compared to the H2O model due to the
smaller H2O abundance. The CO2 model has a strong
absorption band at 4.3 µm and this model further ex-
hibits weaker overall emission due to its generally lower
atmospheric temperatures.
The overall smaller signal of GJ 1132b renders the
NIRSpec yield so weak that MIRI takes over as preferred
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Figure 5. Simulated JWST secondary eclipse spectra for TRAPPIST-1b (top), GJ 1132b (middle), and LHS 3844b (bottom)
for the three atmospheric compositions explored. The mock data points with 1σ error bars for NIRSpec (left) and MIRI (right)
are shown for 10-eclipse mock runs and rebinned to the resolution R = 5. The HELIOS synthetic spectra are shown as both,
binned to the resolution of the data (solid lines), and in the original resolution R = 3000 (shaded). The data points are slightly
offset against each other for clarity.
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instrument for this planet. With MIRI 5 - 10 eclipses
are required to distinguish between the H2O and CO2
models and between the CO2 and solar models. How-
ever, since the H2O and solar models exhibit very similar
eclipse spectra in the MIRI bandpass, we find NIRSpec
to fare better with ∼ 15 eclipses needed to distinguish
between these two scenarios, in contrast to & 30 eclipses
using MIRI.
For TRAPPIST-1b, we find that the planetary sig-
nal is generally too weak to allow for differentiating be-
tween the atmospheric models. Only in the case of the
H2O versus CO2 models, we find that using MIRI ∼ 15
eclipses may do the trick.
4.1.2. Temperature Inversion
We focus here on the H2O atmosphere using TRAPPIST-
1b parameters, as this scenario provides the most pro-
nounced temperature inversion among the explored
models. In the planetary spectrum, the existence of
an inversion can be inferred from the presence of emis-
sion features in addition to absorption features. The
strength of the features hereby correlates with the tem-
perature difference in the inversion layers, similarly to
the depth of the absorption features which are indicative
of a temperature decline with altitude.
Fig. 6, top left, shows two temperature profiles that
we will compare. In addition to our original result, we
include a model with an artificial removal of the inver-
sion by extending the temperature from its minimum
point upward at a constant value. Thus, the tempera-
ture inversion becomes the only difference between these
otherwise identical atmospheres. Note that the “no in-
version” model is not in strict radiative-convective equi-
librium and should not be treated as a realistic atmo-
sphere. Specifically, the inversion model adds emission
features in wavelengths where the molecular absorption
is strongest and the thermal emission has a significant
contribution. In this case, those locations are the ab-
sorption bands of H2O around 1.9, 2.8 and 5 − 8 µm
(see Fig. 6, top right panel), with the latter having the
larger flux contrast between the inversion and no inver-
sion models.
A simulated JWST observation with MIRI LRS at
these wavelengths, using the same PandExo parameters
as in Sect. 4.1.1, suggests that the two models are in-
distinguishable, independent of the rebinning resolution
(see Fig. 6, bottom left panel). The emission features
prove to be too narrow to have a significant impact on
the overall flux in MIRI’s bandpass. In fact, according
to our calculation, the TOA flux of the inversion model,
integrated over 5− 8 µm, is only ≈ 10% higher than in
the other model. Another test using the H2O model of
LHS 3844b leads to the same negative result. Although
the planetary signal is around three times higher, the
inversion is too small to leave a detectable impact on
the spectrum (not shown).
While space-borne observations at low resolution do
not appear to be the correct tool, high-dispersion spec-
troscopy may just do the trick. With sufficient resolv-
ing power the individual emission lines may be verifiable
with the cross-correlation technique applied to ground-
based observations (e.g. Snellen et al. 2010; Birkby et al.
2013; de Kok et al. 2013). For this test we generate
the theoretical spectrum at R = 100 000. Following the
approach described in Pino et al. (2018a), we convolve
the original spectrum with Gaussians in order to sim-
ulate observations at various resolving powers and es-
timate the required limit to resolve the emission lines.
According to our analysis this limit is R ∼ 50 000 (see
Fig. 6, bottom right panel). This is consistent with the
similar previous estimate of Pino et al. (2018b) (their
Fig. 2). Note that the highest resolving power possible
with JWST is R ∼ 3000, in which case the recorded flux
merely assumes the shape of the pressure-broadened line
wings.
Unfortunately, in the near future, there will be only
one instrument capable of measuring at the required in-
frared wavelengths, namely CRIRES+ with the upper
detector limit at 5.3 µm (Seemann et al. 2014). The
low signal strength of a terrestrial planet around a faint
M dwarf may pose a problem too. In our example the
TRAPPIST-1b-like planet exhibits an emission line con-
trast of 15 ppm (at 5.3 µm). Together with the star’s K-
band magnitude of 10.3 (Gillon et al. 2017) this goal may
be just out of reach of current and near-future instru-
ments. Although there are many high-resolution stud-
ies that successfully detected molecular lines in emis-
sion spectra, both the planet-to-star contrast and the
stellar brightness were always larger than given here
(e.g., Brogi et al. 2012; Birkby et al. 2013; de Kok et al.
2013). However, in the mid- to longterm future, a va-
riety of planned high-resolution instruments mounted
on 30-meter class telescopes could be ideal for detect-
ing these inversions. For instance, the Extremely Large
Telescope’s METIS instrument will have the required
specifications.
4.2. Comments on the Modeling Set-up
Modeling rocky planets with atmospheric tempera-
tures exceeding those of potentially habitable planets
comes with two advantages. First, modeling atmo-
spheres above the water condensation regime allows us
to generate atmospheres without the necessity to include
the intricate gas-liquid phase transition of water, which
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Figure 6. Top left: TRAPPIST-1b temperature profiles for the pure H2O atmosphere. From the original profile in radiative-
convective equilibrium, we artificially construct another test model, which is identical but without the temperature inversion.
Top right: emission spectra of the models shown on the left. Bottom left: simulated JWST secondary eclipse spectra observed
with MIRI over 30 eclipses for the two models shown above, rebinned to R = 10. The theoretical HELIOS spectra are shown
rebinned to the mock data (solid lines) and in original resolution (shaded). The data points are slightly offset against each
other for clarity. The colors in the top and bottom left panels match. Bottom right: zoom of the original HELIOS spectrum
calculated here at a resolution of R = 100 000 around 5.3 µm, the longwave limit of CRIRES+. Overlaid are spectra, which are
convolved with Gaussians at various resolving powers.
impacts atmospheric temperatures through latent heat
release. Second, condensation results in the formation
of clouds, which may mask spectral features, diminish-
ing the information recoverable from these atmospheres
(e.g., Morley et al. 2013, 2015). The temperature regime
in our case study is too high for thermodynamically
formed water clouds or Venus-like sulfuric condensates
(Buck 1981; Sa´nchez-Lavega et al. 2004; Lincowski et al.
2018), but the solar model of LHS 3844b could poten-
tially exhibit KCL condensates. In addition to ther-
modynamically formed clouds, the comparatively strong
UV-flux of M stars may promote the formation of photo-
chemically formed hazes (Ho¨rst et al. 2018; Fleury et al.
2019).
Only extended atmospheres provide the necessary op-
tical thickness to imprint deep spectral features on the
planetary emission. Since not all planets are expected to
feature substantial envelopes throughout their lifetime,
we recommend prior to any in-depth atmospheric char-
acterization attempts to first conduct tests to assess the
existence of suitable candidate atmospheres.
For instance, this can be done via secondary eclipse
photometry in the infrared, as explored in our compan-
ion study Koll et al. (submitted). The gist is that in
extended atmospheres zonal winds will transport a frac-
tion of the incoming stellar flux as heat to the night side,
thus reducing the observed dayside flux compared to a
no-atmosphere case.
12 M. Malik, E. M.-R. Kempton, D. D. B. Koll, et al.
Another strong indication for a thick atmosphere
could be the inference of a high planetary Bond albedo,
as suggested by our other companion study Mansfield
et al. (submitted). That study argues that there is
an upper limit to the surface albedo for any reasonable
geochemical composition. Thus, measuring an albedo
above this limit would point toward the presence of at-
mospheric scatterers.
By assuming an atmospheric pressure of 10 bars, we
inherently imply that the planet in question has already
passed such a first atmospheric assessment successfully.
Our models are thus to be understood under the premise
that there is prior knowledge for an extended planetary
envelope to be present.
Our chosen value of 0.1 for the surface albedo is based
on solar system findings that rocky bodies without an
extended atmosphere and icy surface are dark. For in-
stance, the Bond albedos of Mercury, the Moon and
Ceres are all within 0−0.2 (Lundock et al. 2009; Madden
& Kaltenegger 2018). Also, potential surface materials
for exoplanets are thought to possess low albedos (Hu
et al. 2012; Mansfield et al. submitted).
4.3. Comparison to other works
Recently, Morley et al. (2017) assessed the feasibility
and yield of JWST observations of the TRAPPIST-1
planets, GJ 1132b, and LHS 1140b. Comparing our
CO2 models with their Venus composition models of
TRAPPIST-1b and GJ 1132b, we find that our spectra
exhibit a significantly lower flux in the spectral windows
of CO2, e.g., 3−4 µm and 5−7 µm. The main cause for
this discrepancy is their use of a simplified, analytical
temperature profile, which is defined by a constant skin
temperature above 0.1 bar and an adiabatic lapse rate
below. In contrast, as pointed out in Sect. 3.2, we find
that planets around M stars exhibit smaller tempera-
ture gradients in the lower atmosphere, which accord-
ingly mutes the size of the spectral features. This dis-
crepancy applies to both TRAPPIST-1b and GJ 1132b
models. We also derive lower atmospheric temperatures
because our CO2 atmosphere has a larger Bond albedo.
This reduces the size of the predicted thermal signal.
As part of their habitability study of the TRAPPIST-
1 system, Lincowski et al. (2018) generated a cloud-
free TRAPPIST-1b atmospheric model with a Venus-
like composition and 10 bar surface pressure, similar to
our CO2 case. They too modeled the atmosphere in
radiative-convective equilibrium and found a tempera-
ture profile qualitatively similar to ours. Theirs and our
temperature profiles fully coincide in the intermediate
atmospheric layers, 0.1 bar < P < 1 mbar, and exhibit
the same inversion trend in the upper layers, P < 1
mbar, with our model being only slightly cooler there.
The largest difference is found in the lower atmosphere,
P > 0.1 bar, where they predict a steeper lapse rate and
higher temperatures close to the surface. Consequently,
they predict a somewhat larger thermal emission in the
CO2 opacity windows. This temperature discrepancy is
caused by the addition of H2O in their Venus-like at-
mosphere. Since H2O features less pronounced opacity
windows in the mid-infrared than CO2, the atmosphere
can cool less efficiently, which drives the temperatures
up. By adding H2O to our CO2 model we can qualita-
tively reproduce their results (not shown).
Lastly, exploring the climate of Proxima Centauri b,
Meadows et al. (2018) also obtained temperature in-
versions in the upper atmosphere, P < 1 mbar, in
their CO2-rich model. The parameters of this system,
(Rstar/a = 0.014) and Tstar = 3050 K (Anglada-Escude´
et al. 2016), place this planet deep into the inversion
regime in Fig. 3, bottom left panel, consistent with our
prediction on the emergence of temperature inversions.
5. CONCLUSIONS
The principal goal of the current study is to better
understand the radiative implications of M stars on at-
mospheric temperatures of rocky exoplanets with a sur-
face. To this end, we have presented self-consistently
calculated models of atmospheres in radiative-convective
equilibrium, taking TRAPPIST-1b, GJ 1132b and LHS
3844b as case studies. Using three contrasting at-
mospheric compositions − pure H2O, pure CO2, and
hydrogen-dominated with solar abundances − our re-
sults indicate the following salient characteristics.
• The peak emission of M stars in the near-infrared
enables the greenhouse gases H2O and CO2 to act
as shortwave absorbers, causing a gradual attenua-
tion of the incoming stellar flux throughout the at-
mosphere. This leads to a reduction in the amount
of energy deposited in the lower atmospheric lay-
ers, effectively suppressing convection if the atmo-
sphere is thick enough. Furthermore, a tempera-
ture inversion appears if the gas in the upper at-
mosphere cannot efficiently cool.
• The emergence of temperature inversions depends
mainly on the planet’s equilibrium temperature
and only secondarily on the stellar temperature
and spectral energy distribution. With increasing
temperature, the opacity windows of the absorb-
ing gases are filled up, which enhances the up-
per atmosphere’s ability to cool, acting against
the creation of an inversion. Therefore, we pre-
dict temperature inversions to be common in the
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atmospheres of planets orbiting M stars, if the at-
mospheric temperatures are sufficiently low. Con-
versely, the occurrence of inversions is diminished
or even fully suppressed as temperatures rise. In-
terestingly, this behavior contrasts the emergence
of temperature inversions in hot Jupiters, where
the only the very hot atmospheres are expected to
feature inversions.
• The CO2 atmospheres feature overall lower tem-
peratures and stronger reflectance spectra than
the other two composition cases. Since the CO2
opacity in the near-infrared is comparatively weak,
a significant fraction of radiation is reflected back
by Rayleigh scattering and the surface instead of
being absorbed by the atmosphere. This is re-
flected by the much higher Bond albedo AB ≈ 0.3
of the CO2 model, compared to the other cases,
where AB . 0.01. This effect is expected to di-
minish if additional greenhouse gases such as wa-
ter vapor are added in modest mixing ratios, which
will act to fill in the substantial opacity windows.
Regarding observability, we estimate that for LHS
3844b two eclipse runs with JWST should be sufficient
to distinguish between the different atmospheric models
as defined in this work. The fainter GJ 1132b requires
for the same task ∼ 5 − 15 eclipse observations and for
TRAPPIST-1b it is only possible to distinguish between
the H2O and CO2 models with ∼ 15 eclipses. The emis-
sion features indicative of the temperature inversions are
not resolvable by JWST. Ground-based high-dispersion
instruments have the necessary resolution, but the weak
signal may prove problematic.
We expect the herein explored models to form a rep-
resentative basis of cornerstone atmospheres sampling
the possible parameter space of not yet well-understood
atmospheric properties of rocky exoplanets. In future
works, we plan to build on this foundation and include
additions increasing the sophistication and physical re-
alism of the atmospheric modeling.
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APPENDIX
A. IMPLEMENTATION OF A SURFACE LAYER
For this work, we have extended HELIOS to include the a solid surface layer as a lower boundary to the atmosphere.
The surface participates in the radiative convergence iteration via its temperature until it is in radiative equilibrium
with the overlying atmosphere. The surface temperature is calculated as
Tsurf =
[
(1−A)F↓,BOA
σSB
+
T 4interior

]1/4
, (A1)
where A is the surface albedo, F↓,BOA is the downward flux at the bottom-of-atmosphere (BOA),  ≡ (1 − A) is
the surface emissivity, σSB is the Stefan-Boltzmann constant and Tinterior is the interior temperature of the planet, a
surrogate for the interior heat flux Finterior = σSBT 4interior. Note, that F represents a flux integrated over all wavelengths.
The upward flux at BOA reads
F↑,BOA = AF↓,BOA + σSBT 4surf , (A2)
conserving the boundary condition F↑,BOA = F↓,BOA + Finterior, independent of the surface albedo. Numerically, the
surface acts as a “ghost layer” at BOA, by taking both the downward atmospheric flux and the interior heat flux into
account.
One complication is that due to the limited wavelength coverage of the numerical model, integrating the thermal
flux over all wavelengths will always return less than the correct value from the Stefan-Boltzmann law. Hence, the
thermal emission must be adjusted as
Bλ,corr(Tsurf) = Bλ,uncorr(Tsurf)
σSBT
4
surf
pi
∫ λmax
λmin
Bλ,uncorr(Tsurf) dλ
, (A3)
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where Bλ,corr is the corrected blackbody function for Tsurf at wavelength λ, Bλ,uncorr is the analogous uncorrected
blackbody function, and λmin and λmax are the lower and upper wavelength boundaries of the model. As the fraction
term in eq. (A3) is always larger than unity, not correcting for this discrepancy results in an artificial energy sink
at the surface. Note that the emissivity should be present in both the numerator and denominator terms, but for a
wavelength-independent emissivity they cancel each other out. The correct upward spectral flux at BOA is given by
F↑,BOA = AF↓,BOA + piBλ,corr(Tsurf), (A4)
where F represents a wavelength-dependent (per unit wavelength) flux.
Note, that this formulation holds only for hot and dry atmospheres, beyond temperatures where condensation is
expected. For cooler planets, the latent and sensible heat need to be added to the near-surface fluxes.
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